Introduction
The goal of this paper is to investigate the coincident changes of tones and vowels in Fuzhou. There has been considerable work on understanding the phonetic effects of segments on tone and on the influence of tone on segments (e.g. Maddieson 1977 , 1997 , Zee 1984 . Such phonetic effects are often the consequence of speech production and as such are relatively imperceptible. However, less attention has been given to effects of tone and segments that are not automatic phonetic changes, but rather changes that result from the phonology. In this paper I present data from the Fuzhou dialect of Chinese. I argue that the phonological tone is responsible for the segmental effects, rather than the reverse, but that the phonological segments may nonetheless play a role in the tonal outputs. I argue this point using acoustic data from Fuzhou.
2.
Fuzhou Fuzhou is a Min dialect of Chinese spoken in north-eastern Fujian province, China. There are seven citation tones in Fuzhou, but previous work differs enormously on the actual shape of the contours. Table 1 presents the tonal representations available in the literature. The contour descriptions are given using the Chao tone letters, which typically uses a scale of 1-5, where 5 is the highest and 1 is the lowest pitch. The underlining indicates that the tone occurs with a 'stopped' syllable, which in Fuzhou implies a glottal stop coda, found with tones 4 and 7.
In this table we see a lot of minor variation, such as the exact height of tone 1, which is clearly a high level tone. But there is more worrying variation for other tones, such as tone 2, which is possibly a mid or low tone, and is level or falling. Tone 3 is represented as a mid-rise, a dipping tone, a low-rise, a low level, and a mid-fall. Tone 4 is always a low(ish) rising tone (ending in the glottal stop), and tone 5 is clearly a high falling tone. Tone 6 is a convex tone, but varies between low, mid and high rise-fall. Tone 7 is clearly a high tone (with a glottal closure), but how high it is and whether there is a slight rise is not clear. This sort of variation is conceivably dialectal variation or between-speaker variation, but it certainly illustrates the need to work from quantified data. In Table 2 , I have summarized the Fuzhou tones impressionistically, and in Section 4 I present Donohue (1992a)'s normalized F0 contours for Fuzhou tones. 
3.
Tone-vowel interaction The tone-vowel interaction in Fuzhou has to do with changes internal to a phonological vowel that are coincident with tonal changes. The phonological vowels are determined based on what are historically the same vowel and what are synchronically realized as the same vowel in other dialects of Chinese. The vowels are often described as 'high' and 'low', and the vowel pairs are illustrated in Table 3 . Fuzhou tone sandhi is right dominant, which means that it is the final syllable in a given domain that remains unchanged. All the prepausal syllables retain their citation tones and vowels; however, in sandhi (non-final) position, the tone changes and the vowel also changes. Consider the examples in (1)- (3) below. The first two sets of examples illustrate that when a syllable with an underlying tone from 'Set B' (tone 3, 4, 6) is in prepausal position or alone (the (a) examples), the 'lower' of the vowel pairs-its so-called underlying vowel-is realised. However, in sandhi position, we see that not only has the tone changed, the vowel has also changed to the 'higher' variant from Set A. (3) illustrates that the vowel in a syllable from the 'set A' tones (1, 2, 5, 7) remains unchanged in sandhi position.
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(1) Let us turn to phonological accounts for these vowel alternations, by discussing two previous works that have addressed this issue in some depth.
Yip 1980
Yip (1980) is an extensive study of tonal phonological phenomena in a range of Chinese languages. Her analysis of Fuzhou is that the Set B vowels are raised when they co-occur with tones that are [+upper] register. To account for this, she provides a rule, shown in (4).
This elegant rule, however, fails to capture the simplification of diphthongs, nor does it readily account for the fact that some vowels, such as [a] , are constant in ALL tonal contexts. Another shortcoming of this approach is that it results in a rather unusual vowel inventory, lacking [i, y, u] , which are all necessarily considered derived vowels in this approach.
Jiang-King 1999
Jiang-King (1999) In contrast to these two proposals, I claim that there is no need to predict the actual phonetic shape of the vowel, just the phonological shift. I also claim that the reason for this shift is perceptual enhancement, found elsewhere in Fuzhou. The next sections present new data for Fuzhou that has been quantified and normalized across speakers, before discussing specifically the factors involved in perceptual enhancement in Fuzhou, including the tone/vowel alternations.
4.
Quantified Fuzhou data This section presents Fuzhou data from Donohue (1992a, forthcoming-a) taken from a single variety that has been quantified and normalized across four speakers (two male, two female).
Using three sets of tones with [i,a,u] as their nuclei, Donohue measured 3 tokens per vowel set, with two repetitions per token, going through the sets 3 times each in a randomized order (18 tokens per vowel set per speaker, which is 54 tokens per vowel per speaker). The tonal contours were then normalized across speakers using a z-score transform (Rose 1987) . To try to limit sources of error,
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only syllable types with voiceless unaspirated plosive onsets were used, without nasal codas.
Tones
The normalized F0 contours for each of the seven citation tones are given below on the left hand side of Figure 1 . The right hand side of the figure shows the normalized tone contours after determining that there were onset and offset perturbations, which were found to be 50 msecs and 5% of the tonal duration, respectively. To represent these tones phonologically, I will use the reasonably standard features for register ([±upper] ) and tonal contour features ([±high] (e.g. Bao 1990 , Snider 1999 . There is some question of the definition of register, but following Donohue (1992b) , I assume that it is a bifurcation of the pitch range. As such, assigning tonal features to the contours is relatively straightforward, with the exception of tone 2: should it be considered a high tone in the lower register or a low tone in the higher register, given that it starts just above the mid-range point and drops into the lower register. If one were to assume that it is a [-upper] register, [+high] tone, then one could say that lower register tones fall slightly, as tone 3 does as well, whereas upper register level tones rise slight (like tone 1). However, we could also describe this as maximally distinguishing not the register features but the tonal features, thus a [+upper] register [-high] tone, and claim that all [-high] tones fall slightly, while [+high] tones rise slightly. I will assume that it is a [+upper, -high] tone, as it is then grouped with the other [+upper] tones forming a natural class for the Set A vowels. The feature assignment for the tones that I will assume is given in Table 4 . The abbreviations use upper case for register features and lower case for tonal contour features. 
Phonation
Another finding of Donohue (1992a) is that Fuzhou has a consistent non-modal phonation change coincident with tones 3, 4 and 6-ALL THE LOWER REGISTER TONES. Tone 2 also shows some non-modal phonation, suggesting that perhaps it could have to do with the syllable starting with [-high] . These are summarized in Table 5 . The phonation changes consistently to a creaky voice in the lower register, but tone 2 also shows some deviation from modal phonation. I claim that this change in phonation is to perceptually enhance the change in tonal features used, with the lower register [-high] onset tones being produced in all creak, and the upper register [-high] getting only a slight breathiness. [au] . Moreover, the monophthong is consistent across all tones. Understanding the vowel alternations is thus not a question of which vowel type is more suited to the moraic structure of the tone, or which are 'lower' or 'higher' in the relevant register. My claim is that it is a question of having the perceptual enhancement of the upper register through these regular
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vowel alternations, not a question of deriving the vowel alternations based on dynamic tonal assignment or tone/moraic structure.
4.4.
Tone sandhi To justify the claim that the vowel alternations and phonation changes serve to perceptually enhance the tone, it is necessary to explain that the full tonal paradigm and coincident changes of phonation and vowels only occur in citation/isolation form. That means that in sandhi position you find neither the vowel changes nor the phonation changes. This is perhaps not surprising, as sandhi tones are often only two-thirds the duration of non-sandhi tones. That is, non-sandhi tones, which are at the end of the domain in Fuzhou, or prepausal position, can be up to 1.5 times longer in duration. This is clearly a context in which it is much more feasible to enhance the perception of the tones by adding the vowel and phonation cues. For historical origins of the vowel forms, see Donohue Forthcoming-b.
5.
Concluding remarks The main point of this paper is to claim that the vowels and tones are not dynamically interacting, but rather are merely co-occurring in a context that is seen to be a good one for perceptual enhancement. The Set B vowels indicate [-upper] register, and the phonation indicates a tone starting with a [-high] feature.
